Avoiding ingestion of excessively salty food is essential for cation homeostasis that underlies various physiological processes in organisms. The molecular and cellular basis of the aversive salt taste, however, remains elusive. Through a behavioral reverse genetic screening, we discover that feeding suppression by Na + -rich food requires Ionotropic Receptor 76b (Ir76b) in Drosophila labellar gustatory receptor neurons (GRNs). Concentrated sodium solutions with various anions caused feeding suppression dependent on Ir76b. Feeding aversion to caffeine and high concentrations of divalent cations and sorbitol was unimpaired in Ir76b-deficient animals, indicating sensory specificity of Ir76b-dependent Na + detection and the irrelevance of hyperosmolarity-driven mechanosensation to Ir76b-mediated feeding aversion. Ir76b-dependent Na + -sensing GRNs in both L-and s-bristles are required for repulsion as opposed to the previous report where the L-bristle GRNs direct only low-Na + attraction. Our work extends the physiological implications of Ir76b from low-Na + attraction to high-Na + aversion, prompting further investigation of the physiological mechanisms that modulate two competing components of Na + -evoked gustation coded in heterogeneous Ir76b-positive GRNs.
Avoiding ingestion of excessively salty food is essential for cation homeostasis that underlies various physiological processes in organisms. The molecular and cellular basis of the aversive salt taste, however, remains elusive. Through a behavioral reverse genetic screening, we discover that feeding suppression by Na + -rich food requires Ionotropic Receptor 76b (Ir76b) in Drosophila labellar gustatory receptor neurons (GRNs). Concentrated sodium solutions with various anions caused feeding suppression dependent on Ir76b. Feeding aversion to caffeine and high concentrations of divalent cations and sorbitol was unimpaired in Ir76b-deficient animals, indicating sensory specificity of Ir76b-dependent Na + detection and the irrelevance of hyperosmolarity-driven mechanosensation to Ir76b-mediated feeding aversion. Ir76b-dependent Na + -sensing GRNs in both L-and s-bristles are required for repulsion as opposed to the previous report where the L-bristle GRNs direct only low-Na + attraction. Our work extends the physiological implications of Ir76b from low-Na + attraction to high-Na + aversion, prompting further investigation of the physiological mechanisms that modulate two competing components of Na
INTRODUCTION
Ingestion of salt is necessary for numerous physiological functions including neuronal excitability, transmembrane transport of organic compounds in various tissues, and osmotic homeostasis of body fluids. However, excessive ingestion of salt often leads to dysregulation of such functions adversely affecting the wellbeing of the organism. For example, elevated Na + concentration in the body is suspected to cause hypertension (Frisoli et al., 2012) , gastrointestinal cancer (Tsugane et al., 2004) , osteoporosis (He and MacGregor, 2008) , and autoimmune diseases (Kleinewietfeld et al., 2013) . For the control of optimal salt intake, salt taste can either promote or suppress food ingestion depending on the concentration of salt. Low concentrations of Na + salt (<100 mM) are appetitive, and are mainly sensed by amiloride-sensitive epithelial sodium channel (ENaC) expressed on the apical surface of taste cells in mice (Chandrashekar et al., 2010) . In contrast, the taste of concentrated salt (highsalt taste) is aversive to animals ranging from nematodes to rodents (Chatzigeorgiou et al., 2013; Niewalda et al., 2008; Oka et al., 2013) . However, the molecular mechanism by which high-salt taste is sensed remains to be identified Na + avoidance behavior (Chatzigeorgiou et al., 2013) , but these results have recently become controversial (Wang et al., 2016) .
Ionotropic receptors (IRs), which comprise a subgroup of the ionotropic glutamate receptor (iGluR) family, have been identified as critical sensory receptors in insects for environmental stimuli such as chemical compounds (Benton et al., 2009; Silbering et al., 2011) , temperature changes and moisture in the air (Knecht et al., 2016; , rather than as regulators of synaptic transmission. In particular, IR76b expressed in L-bristle GRNs was proposed to serve as a functional Drosophila counterpart of mammalian ENaC, a receptor necessary for appetitive responses to Na + at low concentrations (Zhang et al., 2013) . The two receptors appear to have the common characteristic of constitutive cation channel activity. In the same study, GRNs in a few sbristles were suggested to act as receptors of high-NaCl taste in an Ir76b-independent manner, while cells in L-and ibristles had been reported to respond to high NaCl concentrations in an earlier study (Hiroi et al., 2004) . However, little is known about the molecular mechanism of high-salt taste in Drosophila as in most other animals. Here, to unravel the gustatory mechanisms limiting excessive salt intake, we conducted a reverse genetic screening with salt receptor candidates related to ENaC/TMC or associated with constitutive cation conductance using the capillary feeder (CAFE) assay (Du et al., 2015; Ja et al., 2007) . Unexpectedly, we find that feeding suppression by high Na + concentrations relies on the Ir76b gene which is necessary for neuronal Na + responses in the s-bristle taste cells besides the previously reported Lbristle GRNs. Our results indicate that IR76b plays a central role in gustation of both attractive and aversive Na + concentrations possibly in combination with partner IRs instructing respective functions.
MATERIALS AND METHODS

Fly stocks Ir76b
1 , Ir76b 2 and Ir76b-Gal4 (on the third chromosome)
lines generated in the previous study by Zhang et al. (2013) 
Capillary feeder (CAFÉ) assay
Capillary feeder assay was performed as described previously (Du et al., 2015) . Briefly, twenty to forty flies (2-3 days old) were fasted for 16 h in a polypropylene vial containing a wet Kimwipe, and then transferred to a new vial for the feeding assay. Capillaries were filled with two types of liquid food by capillary action and inserted between the plug and vial wall with the depth of insertion consistent across inserted capillaries. In general, two sucrose capillary tubes and two sucrose-plus-chemical capillary tubes were offered to suppress noise of data between experiments. The flies were allowed to feed on the provided food sources under ambient lighting conditions for 30 min. Control vials without flies were used to determine the effects of evaporation in each experiment. After 30 min, the length of meniscus descent in capillaries was taken as food consumption, after the change due to evaporation was deducted. The number of live flies present in the vial was also recorded to determine the volume of consumption per fly. Avoidance index was obtained by deducting the fraction of consumed salty sucrose solution from the fraction of consumed sucrose solution with respect to total consumption in volume. Each allele of candidate genes in the reverse genetic screening was tested in four to five independent experiments.
Extracellular recording from taste sensilla in the labellum Extracellular single-unit recordings were performed using the tip-recording method (Hodgson et al., 1955) . Two to five-day-old flies were anesthetized by brief ice exposure. A reference electrode containing Drosophila Ringer solution was inserted through the thorax and head to the tip of the labellum, immobilizing the flies. Individual sensilla were exposed to tastants via a glass recording electrode (10-20 µm diameter) filled with tastant solution dissolved in 30 mM tricholine citrate. The recording electrode was connected to a TastePROBE (Syntech, The Netherlands), and electrical signals derived from taste sensilla were recorded using an acquisition controller (Syntech). These signals were amplified (10x), band-pass-filtered (100-3000 Hz), and sampled at 12 kHZ. Autospike 3.1 software (Syntech) was used to analyze neuronal firing rates, by counting the number of spikes generated over a 500 ms period beginning 200 ms after contact.
Statistical analysis
All data were analyzed with Sigmaplot 12. Two group comparison was conducted with Student's t-test or the MannWhitney U test. Multiple-group comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey's or Dunn's multiple comparison tests depending on the result of normality test. Data were presented as the mean ± SEM.
RESULTS
A reverse genetic screening reveals the potential role of the Ir76b gene in tasting highly concentrated Na concentrated Na + in food, the capillary feeder (CAFE) assay (Deshpande et al., 2014; Ja et al., 2007) was employed for a candidate-based genetic screening (Fig. 1A) . The CAFE assay is regarded as a consistent, sensitive and quantitative feeding assay compared to proboscis extension reflex and two color dye-based choice assays (Deshpande et al., 2014) . In particular, the two color dye-based choice assay often used in gustation studies such as Zhang et al. (2013) is inferior to the CAFE assay in two aspects. First, the two color choice assay depends on the experimenter's subjective judgement of whether the color of the fly abdomen is red, blue or purple. Second, it does not take into account of the volume of food consumption unlike CAFE; if one fly consumes a small amount of one substance and another fly ingests a large amount of another substance, the two choices are scored as even. In our CAFE assays, one of two pairs of calibrated glass capillaries contains sucrose only, while the other pair contains NaCl/sucrose solution. The glass tubes were offered to starved flies in an empty vial. Avoidance indices were calculated (see "Materials and Methods") and compared between genotypes. Indicative of strong avoidance to high NaCl concentrations, wild-type flies (wcs) robustly avoided drinking 0.5 or 1 M NaCl in sucrose solution, mostly consuming sucrose solution without NaCl (Fig. 1B) . Two categories of genes were targeted in our study: genes homologous to those encoding known receptors for Na + detection and ion channel genes associated with various degrees of constitutive activity at rest. Constitutive ion channel opening has been attributed to the capability of detecting extracellular monovalent cations (Zhang et al., 2013) . Transmembrane channel-like-1 (tmc-1) was found to code for a receptor of concentrated NaCl solution which allows C. elegans to avoid salty environments (Chatzigeorgiou et al., 2013) . Drosophila has a tmc-1 orthologue and five distant tmc paralogues, anoctamins (axs, subdued, CG10353, CG6938 and CG15270) (Hahn et al., 2009 (Du et al., 2016b; Kang et al., 2012) . Nonetheless, the alleles available for these candidates did not show impaired feeding aversion to concentrated NaCl (Fig. 1B) . Note that transposons were inserted in the introns of CG10353, CG6938 and CG15270, while the tmc and na alleles contain transposons in exons (Gramates et al., 2017) . The axs D allele accompanies a dominant negative point mutation (Zitron and Hawley, 1989) , and the alleles of subdued (Wong et al., 2013) and TrpA1 (Rosenzweig et al., 2008) were produced by disrupting the loci by homologous recombination. Next, the pickpocket (ppk) gene family, which are Drosophila ENaC homologs, were examined for their potential roles in high NaCl taste.
Among 31 members (Zelle et al., 2013) , 27 ppk genes were tested by RNAi knockdown and exonal transposon insertion.
Three ppk genes, ppk21, ppk27 and ppk29 appear to contribute to high-NaCl taste. RNAi knockdown (Fig. 1C ) and exonal transposon insertion (Fig. 1D) suggesting its ancillary role in high-NaCl gustation. Alleles of ppk27 and ppk29 carrying exonal transposons showed statistically significant but very minute impairment in gustatory aversion to NaCl (Fig. 1D) . Thus, high NaCl concentrations generally drive strong feeding avoidance in many different genetic backgrounds of Drosophila melanogaster upon behavioral evaluation by the CAFE assay.
In Drosophila, Ir76b was recently proposed to be critical for attraction to low-NaCl food, and its ability to detect low NaCl concentration was ascribed to its standing activity observed upon heterologous expression in HEK293 cells (Zhang et al., 2013) . To our surprise, five different allelic combinations deficient for the functional Ir76b gene showed dramatic reduction in high-NaCl feeding avoidance ( Fig. 2A) .
RNAi knockdown of Ir76b with pan-neuronal elav C155 -Gal4 (Koushika et al., 1996) and dll-Gal4 covering chemosensory receptor cells (Calleja et al., 1996; Kang et al., 2010 ) also resulted in impaired NaCl avoidance (Fig. 2B) In support of the sensory specificity of Ir76b-mediated Na + detection, the mutant alleles showed robust feeding avoidance in response to other aversive tastants such as high concentrations of CaCl 2 and BaCl 2 , the bitter chemical caffeine, and hyperosmolar solution of 2 M sorbitol (Fig. 2D) . These results that the high osmolarity of ionic or nonionic compounds is avoided by Ir76b mutants at a level similar to wild types, suggest that Ir76b-mediated highNaCl taste is unlikely to occur through mechanosensation.
Ir76b is required for the cellular response to concentrated NaCl in the s-bristle gustatory receptor neurons GRNs in L-bristles were previously proposed to require Ir76b to signal for attractive low-Na + taste, while Na + -responsive GRNs in s-bristles were suspected to code for aversive highNa + gustation by an unknown molecular mechanism (Zhang et al., 2013) . 
A B C D E
attraction between the inputs from the two classes of GRNs was put together mainly based on the observation that lowNa + -sensing GRNs in L-bristles show a bell-shaped spiking response curve to increasing Na + doses, such that, at high Na + concentrations, aversive input from the s-bristle GRNs prevails to direct feeding suppression. However, the bell shape relationship, where the responses of L-bristle cells supposedly decrease at high NaCl concentrations with a maximal spiking frequency at 0.1 M NaCl, was not recapitulated in our hands. Rather, the dose dependences of L-and s-bristle cells are similarly sigmoidal (Figs. 3A and 3B ), while L-bristle GRNs showed higher Na + sensitivities at 10 and 50 mM than the s-bristle cells as observed in the previous study (Zhang et al., 2013) . The NaCl-evoked spiking frequency of the s6 GRN was low compared to other Na + -responding GRNs, suggesting a minor role in NaCl avoidance. For parallel comparison between cellular and behavioral responses, Na + dose dependence of feeding avoidance was appraised (Fig. 3C) . The avoidance index was dramatically increased at 0.3 M Na + , which is higher than the concentration of 0.1 M that yielded maximal spiking responses in L4, L6, s4 and s8 GRNs. Given that the CAFE assay offers sucrose with NaCl unlike extracellular recording of taste neurons, it may be that sweet taste raises the threshold of feeding avoidance to Na + -enriched food.
Next, we examined if NaCl-provoked spikings in s-bristle GRNs are Ir76b-dependent (Figs. 3D and 3E ). The robust responders in s4 and s8 showed dramatic decreases in spiking frequencies upon contact with both low and high NaCl concentrations at 50 and 500 mM, respectively. The NaCl spiking frequencies of the weakly responding s6 GRN persisted in Ir76b 1 and Ir76b 2 , indicating that the mild response of s6 is independent of Ir76b. NaCl-induced spikings in L2, L4, L6 and L8 bristles relied on Ir76b as previously reported (Zhang et al., 2013) . Interestingly, wild-type L2 and L8 GRNs were significantly activated by high NaCl concentration at 500 mM, but not at 50 mM, compared to Ir76b-deficient cells, suggesting that these cells may contribute to high-NaCl taste rather than low-NaCl taste. These results show that not only L-bristle GRNs but also s-bristle cells rely on Ir76b to respond to low and/or high concentrations of NaCl. Interestingly, the s4 and s8 bristles were previously categorized to be the s-c class that lacked responses to various bitter compounds (Weiss et al., 2011) , implying that the s-bristle sensil- NaCl sensitivity (n = 16-27). Letters mark statistically distinct groups. *p < 0.05, **p < 0.01, ***p < 0.001. Tukey's test.
la may be specialized for salt aversion.
Ir76b-Gal4 RB transgene restores NaCl responsiveness in Ir76b-deficient s-bristle GRNs but not L-bristle GRNs Using two different Ir76b-Gal4 lines, we attempted to restore the physiological defects of Ir76b-lacking L-and sbristle GRNs. The Ir76b-Gal4 transgenic line was adopted from the study by Zhang et al. (2013) . The Ir76b-Gal4 RB line was reported to be weakly expressed in the labellum in comparison to the other Ir76b-Gal4 line, while expression of the two Gal4 transgenes was reported to be similar in the tarsi, the pharyngeal taste organ, and the taste pegs lining the oral surface of the labial palps (Ganguly et al., 2017) .
When the Ir76b cDNA was expressed with the use of Ir76b-Gal4 in the Ir76b mutant, the cellular responses were restored to levels comparable to wild-type in both L-and sbristles, consistent with Ir76b requirement for NaCl detection (Figs. 4A and 4B) . Interestingly, upon reintroduction of Ir76b cDNA with Ir76b-Gal4 RB , only the s-bristle and not the L-bristle GRNs showed NaCl-evoked action potentials in Ir76b mutants. Therefore, the two Ir76b-Gal4 transgenic lines provide an intriguing neuroethological window to the physiological significance of NaCl-responding s-and L-bristle cells in NaCl-induced feeding behavior.
Comparative behavioral analyses with the two Ir76b-Gal4 transgenes reveal that L-bristle Ir76b GRNs are dispensable for feeding attraction, and rather contribute to NaCl feeding avoidance Reintroduction of Ir76b cDNA with Ir76b-Gal4 fully restored feeding avoidance to NaCl in Ir76b mutants, when assessed with the CAFE feeding assay. In contrast, expression of Ir76b cDNA in Ir76b-Gal4 RB cells failed to significantly recue the Na + avoidance deficit (Fig. 5A) , suggesting that the s-bristle Ir76b GRNs are insufficient for full Na + feeding avoidance.
On the other hand, RNAi knockdown of Ir76b by either Ir76b-Gal4 or Ir76b-Gal4
RB similarly attenuated the feeding avoidance ( Fig. 5B) , which indicates that s-bristle cells are insufficient but required for full Na + feeding suppression.
The Drosophila TRPA1 isoform, TRPA1(A), was recently identified as a receptor for nucleophilicity-bearing H 2 O 2 that mediates feeding avoidance to H 2 O 2 -containing food in labellar bitter GRNs (Du et al., 2016b (Fig. 5C ). Given that Ir76b was previously implicated to be responsible for low-Na + attraction (Zhang et al., 2013) 
DISCUSSION
The molecular mechanism of high-salt taste has been enigmatic, while low-salt taste was identified to depend on ENaC in mammals. The only existing mechanistic model of highNa + taste is C. elegans TMC-1 that mediates negative chemotaxis to high concentrations of environmental Na + (Chatzigeorgiou et al., 2013) . However, the Na + sensitivity of TMC-1 recently became debatable (Wang et al., 2016) , and Drosophila tmc-1 mutants were found to be comparable to wild type regarding high-Na + taste in our study (Fig. 1B) . By conducting a reverse genetic screen, we discovered the Ir76b gene and s-bristle Ir76b-dependent GRNs as the genetic and cellular bases of Drosophila high-Na + taste, respectively, extending the role of the Ir76b gene from low to high concentrations of Na + . Our study adopting the CAFE assay, a reliable quantitative feeding assay (Deshpande et al., 2014) , however, failed to recapitulate Ir76b-dependent attraction to low Na + concentrations (Fig. 3C ), suggesting that a specific feeding context is necessary to attain Ir76b-dependent attraction. A subset of Ir76b-positive cells likely codes for feeding attraction, as expression of TrpA1(A)10b in Ir76b-Gal4
RB cells led to feeding attraction towards H 2 O 2 in a TrpA1-deficient mutant (Fig. 5C ). From these results, two models of feeding preference decision in response to Na + may be drawn (Fig. 6) . As proposed by Zhang et al., Ir76b GRNs in L-bristles may signal to the brain for feeding attraction. Through interneurons or gap junction, robust activation of L-bristle GRNs at high Na + concentrations may then aid to warrant sufficient excitation of the aversive s-bristles GRNs (Fig. 6A) . In this manner, Ir76b GRNs in L-bristles, which are active from low Na + concentrations in comparison to s-bristle cells, are required for both attraction and aversion to increasing concentrations of Na + . Besides this view, the parsimonious model would be that the L-bristle GRNs code for repulsion, as opposed to the conclusion by Zhang et al. (Fig. 6B) .
In both cases, unidentified Ir76b cells ought to exist for feeding attraction, as lack of the L-bristle GRNs appears to move the balance of the whole Ir76b cell population towards attraction. Thus, our results expose the complexity of Ir76b- Heterologous expression of Ir76b in HEK293 cells showed intrinsic Na + sensitivity of the IR76b protein (Zhang et al., 2013) . In addition, two recent studies demonstrate that Ir76b is critical for gustation to amino acids (Croset et al., 2016; Ganguly et al., 2017) . Such dual responsiveness to salt and amino acids is reminiscent of extracellular Ca 2+ -sensing receptor (CaSR) (Mun et al., 2004) and mammalian kainate receptor iGluRs, GRIK1 and GRIK2 (Plested et al., 2008) . CaSR, a GPCR, is activated by Ca 2+ and other divalent cations as well as L-amino acids. In particular, iGluRs homologous to IR76b seem to be functionally conserved in salt sensitivity, as they bind Na + ions to be activated by glutamate. In addition, iGluRs have been reported to be present in taste receptor cells (Brand et al., 1991; Chung et al., 2005) . Thus, our study finds Ir76b to critically contribute to high-Na + taste, and suggests the interesting possibility that iGluRs may in part compose the molecular mechanism of high Na + taste in mammals which has yet to be identified.
